Juvenile hormone (JH) postpones metamorphosis of insect larvae until they have attained an appropriate stage and size. Then, during the final larval instar, a drop in JH secretion permits a metamorphic molt that transforms larvae to adults either directly (hemimetaboly) or via a pupal stage (holometaboly). In both scenarios, JH precludes metamorphosis by activating the Kr-h1 gene through a JH receptor, Methoprene-tolerant (Met). Removal of Met, Kr-h1, or JH itself triggers deleterious precocious metamorphosis. Although JH is thought to maintain the juvenile status throughout larval life, various methods of depleting JH failed to induce metamorphosis in early-instar larvae. To determine when does JH signaling become important for the prevention of precocious metamorphosis, we chose the hemimetabolous bug, Pyrrhocoris apterus, and the holometabolous silkworm, Bombyx mori. Both species undergo a fixed number of five larval instars. Pyrrhocoris larvae subjected to RNAi-mediated knockdown of Met or Kr-h1 underwent precocious adult development when treated during the fourth (penultimate) instar, but younger larvae proved increasingly resistant to loss of either gene. The earliest instar developing minor signs of precocious metamorphosis was the third. Therefore, the JH-response genes may not be required to maintain the larval program during the first two larval instars. Next, we examined Bombyx mod mutants that cannot synthesize authentic, epoxidized forms of JH. Although mod larvae expressed Kr-h1 mRNA at severely reduced levels since hatching, they only entered metamorphosis by pupating after four, rarely three instars. Based on findings in Pyrrhocoris and Bombyx, we propose that insect postembryonic development is initially independent of JH. Only later, when larvae gain competence to enter metamorphosis, JH signaling becomes necessary to prevent precocious metamorphosis and to optimize growth.
Introduction
Insect larvae grow through a number of successive instars, each terminated by a molt and ecdysis that replace the old larval cuticle with a new one. The molts are promoted by surges of ecdysteroids (Yamanaka et al., 2013) . Secretion of the sesquiterpenoid juvenile hormone (JH) signals that a molt will produce another larva, thus enabling further growth (Hiruma and Kaneko, 2013; Nijhout et al., 2014) . Only when larvae have attained an appropriate stage or size, the temporal absence of JH permits a metamorphic molt that transforms them into adults, either directly (hemimetaboly) or via an intermediate pupal stage (holometaboly) . In either case, it is during the final larval instar that the animals commit to metamorphosis (Nijhout, 1994; Nijhout and Williams, 1974; . The anti-metamorphic ("status quo") action of JH has been documented in a broad variety of insects by two types of experiments: First, untimely administration of JH early during the final larval or pupal stages blocks metamorphosis, causing a molt that repeats the previous juvenile stage. Second, premature removal of JH during pre-final larval instars leads to a precocious metamorphic molt, manifested by heterochronic development of adult characters such as wings and external genitals or, in holometabolans, formation of miniature pupae.
The effect of JH deprivation, achieved through decapitation or allatectomy (extirpation of the JH-producing corpora allata glands), Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/developmentalbiology was initially demonstrated for the hemimetabolous blood-sucking bug, Rhodnius prolixus (Wigglesworth, 1936 (Wigglesworth, , 1934 and the holometabolous silkworm, Bombyx mori (Bounhiol, 1938; Fukuda, 1944) . Wigglesworth observed that when decapitated at the right time after feeding, even first-instar Rhodnius larvae could undergo a single molt to "precocious adults" with small genitals, partially grown wing pads, and an adult-specific cuticle pattern (Wigglesworth, 1934) . He therefore argued that at least some insects were competent to metamorphose already as early larvae, and that any gradual development observed during the larval life occurred due to delayed or reduced JH secretion (Wigglesworth, 1954) . Consequently, the notion that JH is required to maintain the larval character of all premetamorphic molts has been a paradigm of insect endocrinology to this day. However, the earliest time at which precocious Bombyx pupae could be obtained was after three, instead of the normal five larval instars (Bounhiol, 1938; Fukuda, 1944) , even when allatectomy was performed on early second-instar larvae (K. Hiruma, personal communication) . This record has not been broken even with modern techniques.
Indeed, various genetic methods of depleting JH have failed to induce precocious metamorphosis during early larval instars, suggesting that contrary to the paradigm, the juvenile character may not depend on JH until a later phase of larval development. Transgenic Bombyx silkworms expressing a JH-degrading esterase (JHE) throughout development pupated no earlier than after three larval instars (Tan et al., 2005) . The recently characterized dimolting (mod) Bombyx mutants that lack a JH biosynthetic enzyme, JH epoxidase CYP15C1, metamorphosed to miniature pupae and adults only after completing three or four larval instars (Daimon et al., 2012) . In Drosophila melanogaster that normally undergoes three larval instars, genetic ablation of the corpora allata cells did not reduce the instar number (Abdou et al., 2011; Liu et al., 2009; Riddiford et al., 2010) even though second-instar Drosophila larvae can be caused to pupate by other genetic manipulations (e.g., (Bialecki et al., 2002; Mirth et al., 2005; Zhou et al., 2004) .
Interestingly, although instar numbers vary among and within insect species (Esperk et al., 2007) , three larval instars are the lowest consensus. Exceptions include some parasitoid wasps with a single larval instar (Jarjees and Merritt, 2002) and histerid beetles that go through two larval instars (Achiano and Giliomee, 2005) . Thus, it appears that in vast majority, juvenile insects must experience a minimum of three instars (or two larval molts) before gaining competence to metamorphose. The role of JH in the acquisition of this competence is unclear.
Recent progress in understanding of JH reception and molecular action (Jindra et al., 2013) now enables studies of the function of JH signaling genes throughout development. JH controls metamorphosis by activating a gene Krüppel-homolog 1 (Kr-h1) that prevents precocious pupal and/or adult development in holometabolous (Kayukawa et al., 2014; Minakuchi et al., 2009 Minakuchi et al., , 2008 and hemimetabolous (Konopova et al., 2011; Lozano and Bellés, 2011) insects. The JH-dependent activation of Kr-h1 requires the JH receptor, Methoprene-tolerant (Met) (Charles et al., 2011; Kayukawa et al., 2012; Konopova et al., 2011; Minakuchi et al., 2009; Parthasarathy et al., 2008) . RNAi-mediated knockdown of Met or Kr-h1 function triggers precocious pupation in larvae of the flour beetle, Tribolium castaneum (Konopova and Jindra, 2007; Minakuchi et al., 2009) , and accelerates adult development in larvae of the linden bug, Pyrrhocoris apterus (Konopova et al., 2011) .
In this study, we examine the role of the JH-Met-Kr-h1 antimetamorphic pathway in preserving the juvenile status throughout larval development. We employ two complementary insect models with distinct development, the hemimetabolous Pyrrhocoris bugs and the holometabolous Bombyx silkworms. Systemic RNAi in Pyrrhocoris has previously revealed that silencing of Met and Kr-h1 during the penultimate (fourth) larval instar induces precocious adult development (Konopova et al., 2011) . Here, we find that Pyrrhocoris larvae are incapable of responding to disruption of JH signaling by developing adult-like features until in the third instar. Using the JH-deficient Bombyx mod mutants (Daimon et al., 2012) , we show that while expression of the antimetamorphic Kr-h1 gene is drastically reduced in the absence of JH since hatching, this reduction is not sufficient for metamorphosis to take place. We conclude that insect larvae are initially incompetent to undergo metamorphosis, and do not rely on JH for maintenance of the juvenile status until late instars.
Materials and methods

Insect rearing and staging
Pyrrhocoris apterus bugs (short-winged form) were maintained at 25 1C under long-day photoperiod (18 h light/6 h dark) on dry linden seeds, and were supplemented with water. Eggs and hatchlings were collected daily. The five larval instars (hereafter referred to as L1 through L5; Fig. 1A ) were distinguished based on body size, shape, and the degree of development of the wing pads. Staging within instars relied on measuring time after ecdysis.
The Bombyx mori dimolting (mod) mutants (Daimon et al., 2012) were maintained as a homozygous stock (w-1; mod) in the white egg 1 (w-1) genetic background. The w-1; pnd-1 (pigmented and non-diapausing 1) strain (hereafter referred to as "control") served for reference. Larvae of both strains were reared at 25 1C under 12 h light/12 h dark regime on mulberry leaves, and were synchronized just after ecdysing to each instar (day 0) and collected for mRNA expression analysis on the daily basis. During molts, animals were staged using the slippage of the old head capsule (HCS stage) as a morphological marker.
RNAi in Pyrrhocoris larvae
Double-stranded RNA (dsRNA) was synthesized using the T3 and T7 RNA polymerases with the MEGAscript kit (Ambion) from plasmids containing the appropriate gene fragments as described previously (Konopova et al., 2011) . Using a glass capillary needle mounted in a micromanipulator, dsRNA was injected ventrolaterally into the abdomen of CO 2 -anesthesized Pyrrhocoris larvae. Approximately 0.2 mg, 0.5 mg, 1 mg and 3 mg of dsRNA were delivered into larvae of L1, L2, L3 and L4 instars, respectively. Control animals were injected with equal amounts of heterologous dsRNA, derived from the egfp gene.
mRNA Quantification
In Pyrrhocoris, total RNA was extracted either from whole larvae (instars L1 and L2) or from their abdominal epidermis (instars L3-L5) using either TRIzol (Invitrogen) or the RNeasy Plus mini kit (Qiagen). After TURBO DNase treatment (Ambion), 150 ng of total RNA was used for cDNA synthesis using the SuperScript II reverse transcriptase (Invitrogen) and oligo(dT) 18 primers. Relative transcript levels were measured by quantitative PCR (qPCR) using the iQ SYBR Green Supermix kit and the C1000 Thermal Cycler (both Bio-Rad) and were normalized to mRNA levels of the Pyrrhocoris ribosomal protein (Rp49) as described previously (Konopova et al., 2011) . Primers used for qPCR are listed in Table 1 .
In Bombyx, either whole larvae were homogenized (instars L1 and L2), or the dorsal epidermis of the anterior four (L2), two (L3) or one (L4, L5) abdominal segments was dissected. RNA was then extracted using the RNeasy Plus mini kit (Qiagen), and 50 ng of total RNA was taken per cDNA synthesis reaction using the PrimeScript RT reagent kit (Takara Bio) with mixed oligo (dT) 18 and random hexamer primers. qPCR reactions were performed with gene-specific primers (Table 1) as described previously, and data were normalized against Bombyx rp49 expression levels (Kayukawa et al., 2012) .
Methoprene treatment of Bombyx larvae
Two microliters of 1 mg/ml solution of methoprene (SDS Biotech) in acetone were applied topically to the dorsal abdomen (Konopova et al., 2011) . Values are mean þ s.d. based on three independent biological replicates. (C) Met and Kr-h1 RNAi. Newly ecdysed (L2-L4) or hatched (L1) Pyrrhocoris larvae were injected with the indicated dsRNAs and mRNA expression was determined three days later. Levels of Kr-h1 mRNA were significantly depleted by RNAi targeting Kr-h1 itself in each larval instar compared to treatment with control dsRNA. Full expression of Kr-h1 required Met (green columns; decrease not significant for L2). Met knockdown was equally efficient during all pre-ultimate instars (inset; horizontal line indicates control levels of Met mRNA, arbitrarily set to 1). Values are mean þ s.d. based on 4-7 independent biological replicates. Asterisks indicate statistical significance of differences against the control values as determined by Dunnett's test for Kr-h1 or by Student's t-test for Met expression. n p o0.05; nn p o 0.01; nnn p o0.001.
Table 1
Primers used for quantification of the specific mRNAs.
mRNA
Forward primer (5 0 -3 0 ) Reverse primer (5 0 -3 0 )
CAGGCGGTTCAAGGGTCAATAC TGCTGGGCTCTTTCCACGA Pa, Pyrrhocoris apterus; Bm, Bombyx mori.
of Bombyx mod larvae; control larvae received acetone only. After 24 h, the whole larvae were collected or abdominal epidermis was dissected for RNA isolation and mRNA quantification as described above.
Statistical analysis
Differences between mRNA expression levels were tested for statistical significance using the Statistika10 software (StatSoft). For comparison of multiple experimental groups to a single control group, we used the One-Way Anova test with Dunnett's post hoc comparison analysis. Student's t-test was used in all other comparisons.
Results
Sensitivity to perturbed JH signaling increases with instar number in Pyrrhocoris larvae
The Pyrrhocoris bugs undergo five larval instars (hereafter referred to as L1-L5) before metamorphosing to winged, reproductive adults. Each of the larval instars is distinguished by body size and shape, and by the degree of development of the wing pads ( Fig. 1A) . Expression of the JH receptor gene Met is stable throughout the larval life, whereas levels of Kr-h1 mRNA are highest in early L1 larvae following a peak during late embryogenesis (Konopova et al., 2011) , intermediate during L2-L4, and undetectable for most of the final (L5) instar ( Fig. 1B) . Premature suppression of Kr-h1 during the penultimate (L4) instar, whether direct or through Met RNAi, induces precocious metamorphosis to adultoids instead of the normal molt to L5 larvae. This heterochronic phenotype is observable after the ecdysis as appearance of external genitals (particularly in males), wings, elongated pronotum, and adult-specific color patterning on the wings and the abdominal cuticle ( (Konopova et al., 2011) and Fig. 2 ).
If JH is required to maintain the juvenile character throughout the entire larval life, one would expect to induce precocious adult development by interfering with JH signaling also during the earlier L1-L3 instars. To test this assumption, we applied Met and Kr-h1 RNAi to L4 and to the progressively younger larval instars of Pyrrhocoris. In all instars, the dsRNAs were injected to larvae within two hours after ecdysis (or hatching in the case of L1) to insure that JH signaling was compromised before the animals committed to the larval type of molt. The effect of RNAi on Met and Kr-h1 mRNA levels was determined in the epidermis of L4 and L3 larvae, or in the whole body of L2 and L1 larvae, three days after the dsRNA injection in each instar (Fig. 1C) . These experiments showed that the full extent of Kr-h1 expression during all of the pre-ultimate instars required Met function (Fig. 1C ). Administration of Met RNAi in L4 larvae depleted Met mRNA to 12% of its control level (Fig. 1C, inset) , whereas Kr-h1 expression only decreased to about one-third upon silencing of either Kr-h1 itself or Met (Fig. 1C ). Yet 100% of all Met and Kr-h1 RNAi animals that succeeded to ecdyse from the L4 instar produced adultoids incapable of further molting ( Fig. 2B and C and Table 2 ). Thus, penultimate-instar larvae were fully sensitive to experimental suppression of JH signaling.
When L3 larvae received Met dsRNA, the hallmarks of precocious metamorphosis also appeared, but only after the animals had completed two molts. Thus, of 87 injected L3 animals, all except one developed to externally normal L4 larvae of which 72 were able to molt again, and 52 of these survivors formed adultoids instead of L5 larvae ( Fig. 2C and Table 2 ). The delayed onset of precocious metamorphosis was not due to inefficient Met knockdown, as Met mRNA was depleted to 5% of its control level by mid-L3 instar (Fig. 1C, inset) . Interestingly, although less effective than Met RNAi in removing its own transcript (Fig. 1C) , Kr-h1 dsRNA applied during the L3 instar produced mild versions of the precocious adult features already after one molt in 67% individuals ( Fig. 3A and Table 2 ). These animals were unable to molt again and displayed outgrowth and partial adult-specific coloration of the wing pads, appearance of external male genitals, and tanning of the abdominal cuticle (Fig. 3A) . Their wing phenotype was much less pronounced compared to L5 adultoids, likely because of the smaller initial size of the L3 wing pads.
The above results showed that, compared to the L4 penultimate instar, L3 larvae were less sensitive to perturbation of JH signaling. In addition, removal of the JH receptor Met was slow-acting and less effective in provoking premature metamorphosis than was interference with its target gene, Kr-h1.
The trend of decreasing sensitivity of the larval program to loss of JH signaling genes continued towards the youngest instars. Knockdown of Met in L2 larvae, although equally effective as in the older instars (Fig. 1C, inset) , did not accelerate metamorphic development at L3 and only induced visible cuticle tanning and slightly enlarged genitals in few L4 individuals, i.e., again after two molts ( Fig. 3A and Table 2 ). Injections of Kr-h1 dsRNA at the L2 instar yielded L3 larvae, of which many died without detectable signs of metamorphosis, and only a minority arrested as L3 with isolated spots of dark abdominal cuticle and extremely subtle outgrowth of the wing pads and genitalia ( Fig. 3B and Table 2 ). The same phenotypes (not shown) became more pronounced in several animals arresting in the L4 instar, and six out of eight Kr-h1 RNAi larvae reaching the final L5 instar formed adults ( Table 2) .
Injections of L1 hatchlings with dsRNA allowed nearly all larvae to ecdyse into the L2 instar (Table 2) . For reasons unclear to us, most animals then died either during the second instar or upon molting to L3, including those injected with control heterologous dsRNA. Nonetheless, of the resulting 117 Met RNAi and 95 Kr-h1 RNAi L2 larvae, none showed any precocious metamorphic development at that stage (Table 2) . Of 46 Kr-h1 RNAi individuals that ecdysed to the L3 instar, 10 arrested with local tanning on the abdominal cuticle, a phenotype similar to that of animals subjected to Kr-h1 RNAi at L2 (Fig. 3B) .
Taken together, the experiments in Pyrrhocoris reveal that the capacity of Met and Kr-h1 RNAi to elicit a terminal, precocious metamorphosis phenotype gradually increases from nil at L1 to 100% penetrance when applied at the L4 instar. The earliest stages capable of developing even the slightest signs of precocious adult characters are L3 (Kr-h1 RNAi) and L4 (Met RNAi). We cannot discern whether the early larval instars do not respond to the knockdown by initiating metamorphosis because their larval state does not require the JH-Met-Kr-h1 pathway or because of the residual Kr-h1 expression that may or may not depend on JH and Met.
Expression of Kr-h1 is strongly reduced in JH-deficient Bombyx larvae
To shed light on the requirement of JH for the anti-metamorphic signaling during early larval instars, we turned to the Bombyx mod mutants, in which JH biosynthesis is blocked due to the lack of JH epoxidase (Daimon et al., 2012) . Bombyx normally undergoes five larval instars before pupation. The earliest the mod mutants can pupate is after L3 (dimolters). In our present study, only 2% of homozygous mod larvae were dimolters while 98% pupated as trimolters after L4, i.e., one instar earlier than normal. Fortunately, the lack of mod function did not alter the timing of larval molts (Daimon et al., 2012) , enabling us to directly compare developmental gene expression profiles between mod larvae deficient in epoxidized JH and equally aged controls.
Expression of the Kr-h1 gene depends on endogenous JH in the epidermis of penultimate (L4) instar larvae (Kayukawa et al., 2012) . We therefore compared Kr-h1 mRNA profiles between control larvae and mod trimolters, in which L3 is the penultimate instar. Expression of two alternatively spliced Kr-h1 transcripts, α and β, was markedly reduced throughout the first three instars of mod larvae (Fig. 4A and B) . During eight days of the L1 and L2 instars, both Kr-h1 mRNAs in the whole body reached on average only 8.3% of the levels in control larvae of corresponding age (n¼ 3 for each time point). A similar reduction occurred in the epidermis of L3 mod larvae ( Fig. 4A and B) . The Kr-h1 mRNA profile in L2 and L3 control epidermis was dynamic, with marked upregulation as the animals approached the larval molts (head capsule slippage stage, HCS) and ecdyses ( Fig. 4A and B) . A minor but reproducible increase in the expression of both Kr-h1 isoforms, culminating at the HCS stage of L2 and L3 instars, was also apparent in mod mutants ( Fig. 4A and B ), suggesting that part of this expression may not depend on epoxidized forms of JH.
In agreement with data for the L4 and L5 instars (Kayukawa et al., 2012 (Kayukawa et al., , 2014 , Kr-h1β mRNA was about 10-fold less abundant Gray fields denote incidence of precocious metamorphosis with at least one of the adult characters present. n.a., not applicable. a Lethality without a specific external phenotype. Table 2 ). Note the precocious development of color-patterned, articulated wings (arrows) separated from the scutellum (s), extended notum (white arrowheads), dark abdominal cuticle (asterisks), and external male genitals (black arrowheads), often with protruding genital and posterior abdominal segments. Met RNAi delivered during the L3 instar induced the same adult characters, but only after two completed molts (C, right column). Scale bars, 1 mm.
than Kr-h1α during L1-L3 but the temporal patterns of both isoforms were similar. Therefore, we hereafter followed only the predominant Kr-h1α transcript. Interestingly, even from its already low level in mod larvae, Kr-h1α mRNA decreased further after the animals had ecdysed to the L4 instar ( Fig. 4C ). This resembled very faithfully the natural fall of Kr-h1 expression following ecdysis to the final instar in control larvae ( Fig. 4C and (Kayukawa et al., 2012 (Kayukawa et al., , 2014 ). Indeed, L4 is the final larval instar for mod trimolters. After five days of feeding, Kr-h1α mRNA increased as mod animals began to spin their cocoons (Fig. 4C ). The increase again resembled, albeit on a smaller scale, the rise of Kr-h1 expression in spinning L5 control larvae ( Fig. 4C and (Kayukawa et al., 2012) ). Thus, although transcription of Kr-h1 was severely diminished in mod mutant larvae, its residual level could still be downregulated when the trimolters committed to pupation at the L4 instar, and then upregulated just prior to metamorphosis. Finally, we tested whether the diminished Kr-h1 expression in mod larvae could be induced with a JH mimic, and therefore whether the mutants retained functional JH response. When treated with methoprene early during L3 or L4, mod larvae pupate and form adults normally after five instars (Daimon et al., 2012) , suggesting that the pathway downstream of JH is unaffected by the mod mutation. Indeed, we found that mRNAs for both Kr-h1 isoforms were elevated, to various degrees, when assessed one day after methoprene administration to newly ecdysed mod larvae of L1-L4 instars (Fig. 5) . In agreement with the preserved response to methoprene, the mod mutants showed normal expression of Met1 (data not shown), one of the two JH receptor genes present in Bombyx (Kayukawa et al., 2012) . These results confirm that mod mutant larvae are capable of activating the anti-metamorphic Kr-h1 gene when supplied with the exogenous hormone.
Regulation of the pupal-specifying BR-C gene in JH-deficient Bombyx larvae BR-C is required for pupal development of holometabolous insects (Konopova and Jindra, 2008; Suzuki et al., 2008; Uhlirova et al., 2003; Zhou and Riddiford, 2002) , and its upregulation in the final larval instar marks pupal commitment of the epidermis (Muramatsu et al., 2008; Zhou et al., 1998) . Prior to the pupal commitment, 20E-dependent induction of BR-C is prevented by JH, at least beginning from the mid-penultimate larval instar of Manduca (Zhou et al., 1998) or from the L4 to L5 molt in Bombyx (Muramatsu et al., 2008) . Whether JH suppresses BR-C during the previous larval instars has not been clarified. In this context, it was of interest to examine the temporal pattern of BR-C expression in mod trimolters.
We discovered that the developmental profile of BR-C mRNA during the first two instars was remarkably similar in control and mod larvae (Fig. 6) . Upon ecdysis to L3 and throughout this instar (penultimate in mod trimolters), BR-C expression in the epidermis of the mutants substantially exceeded that in control larvae (Fig. 6) . Surprisingly, BR-C mRNA then dropped as the mod trimolters ecdysed to their last, L4 instar, and remained low for four days, closely following the profile in the normal L5 final instar of control larvae (Fig. 6) . Before the onset of spinning (late L5 in controls and late L4 in mod trimolters), there was a strong upregulation of BR-C associated with the pupal commitment of the epidermis in both control and mod animals ( Fig. 6 and (Muramatsu et al., 2008) ).
These data unexpectedly suggest that in the JH-deficient mod mutants, BR-C does not become prematurely upregulated until in the third instar. Therefore, epoxidized JH is not necessary for keeping BR-C expression at low levels prior to L3. However, relative to the major rise during the pupal commitment at L5 in normal animals or at L4 in mod trimolters (Fig. 6) , this increase of BR-C mRNA over control L3 levels is probably too low to divert the epidermis towards the pupal program.
Discussion
The necessity of JH for preserving the larval character of insects from the start of their postembryonic life is a tenet of insect endocrinology that has been challenged by several lines of experimentation. Particularly, genetic depletion of JH in Bombyx Here, we addressed the issue by examining the function and expression of genes that are currently known to mediate the antimetamorphic effect of JH. Using the facility of systemic RNAi in the Pyrrhocoris bugs, we confirmed that removal of the JH receptor Met during the penultimate (L4) larval instar caused a precocious metamorphic molt in all treated animals (Konopova et al., 2011) . A similar albeit weaker effect of Met RNAi administered during the L3 instar only occurred after two molts, of which the first produced apparently normal L4 larvae. Similarly delayed and yet weaker was the effect of Met RNAi delivered at L2, and silencing of Met at the L1 instar could not induce precocious development of adult features at all. As RNAi does not eliminate its target completely, we cannot exclude residual Met function. However, this possibility seems unlikely, considering that injections of Met dsRNA proved equally effective in depleting Met mRNA at all instars, yet the first two instars were insensitive to the knockdown, L3 was marginally sensitive, and only L4 larvae fully depended on Met for the prevention of precocious metamorphosis.
Silencing of the JH/Met target gene Kr-h1 essentially confirmed the results obtained with Met RNAi except that the effect of Kr-h1 RNAi was stronger and more immediate, requiring only a single molt for mild but clear adult characters to develop after Kr-h1 dsRNA had been injected to L3 larvae. The faster effect of Kr-h1 relative to Met RNAi may reflect the direct knockdown of Kr-h1 as opposed to the indirect loss of Kr-h1 expression upon depletion of its activator Met. In summary, the earliest stage of Pyrrhocoris capable of attaining a terminal phenotype with any Fig. 4 . Expression of Kr-h1 is greatly reduced throughout the first three larval instars of JH-deficient Bombyx mod mutants. Expression profiles of Kr-h1α (A) and Kr-h1β (B) mRNA isoforms were determined in whole body (L1 and L2, solid symbols) or in the epidermis (L2 and L3, open symbols) of control (solid lines) and mod (broken lines) larvae. Both Kr-h1 isoforms followed the same pattern but Kr-h1α was the prevalent transcript. (C) Kr-h1α mRNA declined to extremely low levels during the final instar of both control (L5) and mod (L4) larvae, reaching its minimum on day 3 (inset). The expression then increased at the onset of spinning. HCS (head capsule slippage) marks the onset of ecdysis. HCS þ8, HSC stage plus 8 h. Values are mean þ s.d. based on three (A and B) or 3-6 (C) independent biological replicates. signs of precocious adult characters was L3, following Kr-h1 dsRNA injection during the L2 instar.
The above gene knockdown data match previously described effects of JH deficiency in Pyrrhocoris. The fully penetrant precocious metamorphosis phenotype achieved by Met or Kr-h1 RNAi in L4 larvae corresponds with allatectomy, which likewise caused L4 larvae to molt to adultoids (Sláma, 1965) . Allatectomy was not performed on earlier larval instars. However, a Pyrrhocoris mutant strain rl(17) that sporadically yielded individuals without detectable corpora allata (CA) had been described (Socha, 1987; Socha and Hodkova, 1989) . Those CA-deficient larvae displayed the same precocious outgrowth of male genitalia and the adult-specific pigmentation on the wing pads and abdominal cuticle at the L4 instar (Socha and Hodkova, 1989) that we observed at that stage upon dsRNA injection of L3 (Kr-h1) or L2 (Met) larvae (Fig. 3A) . Interestingly, the rl(17) mutants did not begin to metamorphose earlier than at L4 although they probably lacked the CA from the outset of development, leading the authors to suggest that JH was not required for the early larval status (Socha and Hodkova, 1989) .
The situation in Pyrrhocoris therefore differs from results obtained with Rhodnius, where L1 larvae decapitated at a proper time after their first blood meal developed into "precocious adults" (Wigglesworth, 1934) . However, decapitation is not exactly comparable with pure allatectomy, as the animals deprived of the brain obviously lacked many factors in addition to JH. Some of those experiments also involved fusion of the decapitated young larvae to final-instar larvae. While this was necessary to supply an early-decapitated larva with the molting hormone, ecdysone, the exchange of blood between the two individuals inevitably meant transfer of other signals and nutrients. Thus, although of seminal importance, the original experiments on Rhodnius may not accurately reflect the anti-metamorphic function of JH in most insects.
Indeed, early reports on other hemimetabolous insects concluded that withdrawal of JH alone was not sufficient to induce metamorphosis at any stage of larval life. The stick insect, Carausius morosus, has seven larval instars. Allatectomy of L3 larvae produced precocious fertile adults only after two molts that were considerably delayed, and appearance of partial adult characters also required two molts when the CA were removed from L1 or L2 larvae (Pflugfelder, 1952 (Pflugfelder, , 1937 . Juveniles of the Leucophaea maderae cockroach molted directly to adultoids when deprived of the CA as penultimate (L7) instar larvae, whereas two molts were necessary for the adult features to develop after allatectomy during the previous, L5 or L6, instars (Scharrer, 1946) . This delay corresponds with the postponed effect of Met depletion in young Pyrrhocoris larvae (Table 2 ) and with the delayed pupation of the JH-deficient larvae of Bombyx (Daimon et al., 2012; Tan et al., 2005) . The result in Leucophaea had in fact been interpreted as a lack of competence of the early juveniles to metamorphose (Scharrer, 1946) , although arguments were also raised that residual JH, persisting after allatectomy, might have blocked metamorphosis (Wigglesworth, 1954) .
Our present data support the lack-of-competence view. They show that Pyrrhocoris larvae deficient in the JH signaling genes, Kr-h1 and Met, do not commence precocious metamorphosis prior to their third or fourth instar, respectively. Results obtained with the JH-deficient mod mutants of Bombyx lead to the same conclusion. The mod larvae do not begin to pupate until after three or, much more frequently, four instars despite Kr-h1 expression is severely reduced in L1 through L3 animals. Yet, a functional response to JH is in place as Kr-h1 mRNA can be induced with the exogenous JH mimic during the early instars. Importantly, this hormonal treatment restores the normal course of five-instar development (Daimon et al., 2012) .
Interestingly, the residual Kr-h1 mRNA level in L1-L3 mod trimolter larvae was not nil, suggesting that a minor component of the Kr-h1 gene activity is independent of authentic, epoxidized JH. Ecdysone may be one possibility, as 20-hydroxyecdysone has been shown to stimulate Kr-h1 transcription in Drosophila (Pecasse et al., 2000) and to potentiate Kr-h1 induction by JH in Bombyx (Kayukawa et al., 2014) . Alternatively, Kr-h1 could respond to a non-epoxidized JH precursor such as methyl farnesoate that might accumulate in the mod mutants, deficient in the next enzymatic step of JH biosynthesis (Daimon et al., 2012) . Indeed, methyl farnesoate induced Kr-h1 expression in cultured Bombyx cells, albeit at a concentration 1000-fold higher than the 0.1 nM dose that was required for similar activation by the authentic hormone, JH I (Kayukawa et al., 2012) . Whether the residual Kr-h1 expression suffices to prevent metamorphosis cannot be ruled out until Kr-h1-null mutant insects become available. However, we consider this scenario unlikely for two reasons. First, a similar degree of incomplete depletion of Kr-h1 mRNA in Pyrrhocoris was sufficient to trigger precocious metamorphosis in 100% of L4 larvae, but both the penetrance and the expressivity of this phenotype decreased progressively in younger instars. Second, in agreement with the JH deficiency phenotype (Daimon et al., 2012; Tan et al., 2005) , our preliminary TALEN-mediated knockout of the Bombyx Kr-h1 gene led to precocious development of pupal cuticle only when the animals have reached the third instar (T.D. and T.S., unpublished data). 6 . The pupal-specifying gene BR-C is not repressed by JH during the first two larval instars of Bombyx. Expression of BR-C mRNA (without discriminating isoforms) was determined in whole body (L1 and L2, solid symbols) and in the epidermis (L3 and the final instar, open symbols); note that data for the L4 instar of control larvae are omitted (interrupted solid line). The temporal profile was very similar between control and mod larvae during L1, L2, and the final instar (i.e., L5 in controls and L4 in mod mutants). Only during the L3 instar, BR-C expression in the epidermis of mod larvae significantly exceeded control levels (inset). Values are meanþ s.d. based on 3-6 independent biological replicates. Asterisks indicate statistical significance of differences against the control values as determined by Student's t-test: n p o 0.05; nn p o 0.01; nnn p o 0.001. Expression of the BR-C gene that marks and specifies the onset of pupal development provides yet another indication that early Bombyx larvae do not rely on JH signaling for prevention of metamorphosis. Despite the absence of JH, BR-C mRNA levels in mod larvae do not surpass levels in control larvae until at the third instar, and this increase in BR-C expression is likely too mild to trigger the pupal program. BR-C is then equally suppressed in both mod mutants and controls until day four of the respective final instars (Fig. 6) . Clearly, the absence of JH alone is insufficient for full extent of precocious expression of the pupal-specifying gene.
Conclusions
In summary, we propose that the successive larval instars are not iterations of the same program, but that the early and late instars represent qualitatively different phases of insect development ( Fig. 7) . During early postembryonic life, juveniles are incompetent to enter metamorphosis and their larval character is maintained independently of JH. Only when the animals have gradually acquired the competence by the second and third instars, the JH-Met-Kr-h1 pathway becomes increasingly important for protecting them against precocious metamorphosis until the final larval instar (Fig. 7) .
During the latter, JH-dependent phase of larval development, the main role of JH is to permit the optimal growth. Indeed, the effect of JH on the attainment of critical body weight for metamorphosis has been clearly established in the tobacco hornworm, Manduca sexta (Nijhout and Williams, 1974) . A recent study (Suzuki et al., 2013) has determined that JH is in fact necessary for the ability of penultimate and last-instar Manduca larvae to prolong their feeding time in response to starvation, such that the critical body weight is achieved. When deprived of JH, starved larvae fail in this compensatory feeding and pupate after a fixed period of time irrespective of their size (Suzuki et al., 2013) .
If the absence of JH alone does not render insect larvae competent for metamorphosis, then what is the "competence signal"? Drosophila larvae invariably develop in three instars, and neither genetic allatectomy (Abdou et al., 2011; Liu et al., 2009; Riddiford et al., 2010) nor deficiency in JH receptor genes, Met and gce (Abdou et al., 2011) , could reduce this number. Nonetheless, precocious pupation (or at least pupariation) of L2 Drosophila larvae has been accomplished in a number of ways, all of which compromised ecdysone production in the prothoracic gland (Bialecki et al., 2002; Gibbens et al., 2011; Mirth et al., 2005; Sliter and Gilbert, 1992; Venkatesh and Hasan, 1997; Zhou et al., 2004) . In all cases, this led to a protracted feeding period, thus potentially allowing the animals to reach the weight critical for metamorphosis still within the second instar. Although our current data do not address the nature of the competence to metamorphose, we suspect that body size and/or time spent feeding is likely the key factor.
